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ABSTRACT:	  A	  series	  of	  iridium	  complexes	  containing	  phenanthro[4,5-­‐abc]phenazino[11,12-­‐d]imidazol-­‐2-­‐ylidene	  and	  ace-­‐
tonaphtho[1,2-­‐b]quinoxaline[11,12-­‐d]imidazol-­‐2-­‐ylidene	   ligands	   have	   been	   obtained	   and	   fully	   characterized.	   These	   com-­‐
plexes	  display	  highly	  extended	  polyaromatic	  systems	  attached	  to	  the	  backbone	  of	  the	  N-­‐heterocyclic	  carbene.	  The	  pres-­‐
ence	  of	  this	  extended	  polyaromatic	  system	  makes	  the	  electron-­‐donating	  character	  of	  these	  ligands	  sensitive	  to	  the	  pres-­‐
ence	  of	  π-­‐stacking	  additives,	  such	  as	  pyrene	  and	  hexafluorobenzene.	  The	  computational	  studies	  predict	  that	  the	  addition	  
of	  pyrene	   affords	   an	   increase	  of	   the	   electron-­‐donating	   character	  of	   the	  polyaromatic	   ligand	   (TEP	  decreases),	  while	   the	  
addition	  of	  hexafluorobenzene	  has	  the	  opposite	  effect	  (TEP	  increases).	  This	  prediction	  is	  experimentally	  corroborated	  by	  
IR	  spectroscopy,	  by	  measuring	  the	  shift	  of	  the	  CO	  stretching	  bands	  of	  a	  series	  of	  IrCl(NHC)(CO)2	  complexes,	  where	  NHC	  
is	  the	  N-­‐heterocyclic	  carbene	  ligand	  with	  the	  polyaromatic	  system.	  Finally,	  the	  energy	  of	  the	  π-­‐stacking	  interaction	  of	  one	  
of	  the	  key	  Ir(I)	  complexes	  with	  pyrene	  and	  hexafluorobenzene	  has	  been	  estimated	  by	  using	  the	  Benesi-­‐Hildebrand	  treat-­‐
ment,	  based	  on	  the	  δ-­‐shifts	  observed	  by	  1H	  NMR	  spectroscopy.	  
1.	  INTRODUCTION	  
Transition	   metal	   complexes	   with	   N-­‐heterocyclic	   car-­‐
bene	   ligands	   decorated	   with	   polyaromatic	   systems	   are	  
currently	   under	   great	   attention	   due	   to	   their	   potential	  
applications	   in	   the	   fields	   of	   homogeneous	   catalysis	   and	  
molecular	  electronics.	   In	   the	   field	  of	  molecular	  electron-­‐
ics,	  polyaromatic	  ligands	  are	  mainly	  used	  for	  the	  prepara-­‐
tion	  of	  materials	  with	  properties	  that	  are	  consistent	  with	  
extensively	   delocalized	   systems,1	   such	   as	   luminescence.2	  
Polyaromatic-­‐fused	   imidazolylidenes	   provide	   rigid	  
frameworks	   in	  which	   the	  carbene	  center	   is	   a	   component	  
of	   an	   electron-­‐rich	   extended	   aromatic	   system,	   and	   this	  
modulates	   the	   donor	   strength	   of	   the	   carbene	   and	   influ-­‐
ences	   its	  steric	   impact.	  A	  series	  of	  polyannulated	  mono-­‐,	  
bis-­‐	  and	  tris-­‐NHCs	  have	  been	  reported	  to	  date,	  including	  
examples	   having	   4,5-­‐fused	   polyarenes	   such	   as	   naphtha-­‐
lene,	   phenanthrene,3	   acetanaphtene,4	   pyracene,5	   pyrene6	  
and	  triphenylene.7	  
An	  interesting	  application	  of	  NHC	  ligands	  with	  extend-­‐
ed	   aromatic	   systems	   in	   the	   field	   of	   catalysis,	   arises	   from	  
the	  ability	  of	  this	  type	  of	  ligands	  to	  facilitate	  the	  immobi-­‐
lization	  of	  homogeneous	   catalysts	  onto	   solid	   surfaces,	   in	  
which	  the	  polyaromatic	  tags	  are	  used	  for	  facilitating	  non-­‐
covalent	   interactions	  (generally	  π-­‐stacking)	  with	  the	  sur-­‐
face	   of	   the	   solid	   (generally	   a	   graphene	   derivative).8	   The	  
use	  of	  NHC	   ligands	  with	  extended	  polyaromatic	   systems	  
have	  also	  given	  rise	  to	  families	  of	  metal	  complexes	  whose	  
properties	   are	   influenced	   by	   the	   π-­‐stacking	   affinities	   of	  
the	   substrates	  with	   the	   ligands.5b,6a,7a,8e	  We	   recently	   tried	  
to	   rationalize	   the	   effects	   of	   π-­‐stacking	   on	   the	   catalytic	  
properties	   of	   a	   series	   of	   catalysts	   of	   palladium	   with	   ex-­‐
tended	  polyaromatic	  systems	  at	  the	  backbone	  of	  the	  NHC	  
ligand,	   and	   proved	   that	   the	   addition	   of	  π-­‐stacking	   addi-­‐
tives,	  such	  as	  pyrene,	  had	  an	  important	  influence	  on	  their	  
catalytic	  performances.	  An	  interesting	  point	  of	  our	  inves-­‐
tigation,	  arose	  from	  the	  cyclic	  voltammetric	  studies	  of	  our	  
complexes,	   which	   demonstrated	   that	   the	   presence	   of	  
external	  π-­‐stacking	  additives	  showed	  important	  modifica-­‐
tions	  of	  the	  electronic	  properties	  of	  the	  ligands,	  as	  a	  con-­‐
sequence	   of	   the	   strong	   π-­‐stacking	   interaction	   between	  
pyrene	  and	  the	  extended	  polyaromatic	  system	  attached	  to	  
the	  NHCs.6a	  The	  effects	  of	  modifying	  the	  electronic	  prop-­‐
erties	   of	   NHCs	   ligands	   are	   known	   to	   afford	   important	  
implications	  in	  the	  context	  of	  homogeneous	  catalysis	  and	  
bioorganometallic	  chemistry,9	  and	  some	  elegant	  examples	  
of	  fine	  electronic	  tuning	  of	  NHC	  ligands	  via	  remote	  chem-­‐
ical	   induction	  have	   shown	   to	  produce	   relevant	   effects	   in	  
catalysis.10	  
Benzo-­‐fused	   nitrogen	   heterocycles	   continue	   to	   com-­‐
mand	  a	  great	  deal	  of	  attention	  because	  a	  large	  number	  of	  
natural	   products	   and	   pharmaceutical	   compounds	   incor-­‐
porate	  these	  heterocyclic	  systems.11	  In	  a	  very	  recent	  work,	  
Tapu	  and	  co-­‐workers	  described	   the	  preparation	  of	  a	  dia-­‐
minobenzimidazolium	   salt,	   which	   constituted	   an	   excel-­‐
lent	   scaffold	   for	   the	   preparation	   of	   NHC	   ligands	   with	  
fused	  polycyclic	  heteroaromatic	  moieties.12	  In	  their	  report,	  
a	  new	  polycyclic	  N-­‐heterocyclic	  carbene	  featuring	  a	  fused	  
 dibenzo[a,c]phenazine	  moiety	  was	  obtained	   (A,	  Chart	   1),	  
and	   coordinated	   to	   rhodium	   and	   iridium.12	  We	   thought	  
that	  the	  same	  diaminobenzimidazolium	  salt	  may	  be	  used	  
for	   the	   preparation	   of	   higher	   extended	   aromatic	   NHC-­‐
based	   ligands,	   which	   may	   help	   us	   undergo	   a	   detailed	  
study	   on	   the	   influence	   of	  π-­‐stacking	   interactions	   on	   the	  
donor	  properties	  of	  the	  related	  NHC	  ligands.	  By	  following	  
this	  idea,	  in	  this	  work	  we	  describe	  the	  preparation	  of	  two	  
new	   N-­‐heterocyclic	   carbene	   ligands	   with	   fused	   phenan-­‐
thro[4,5-­‐abc]phenazine	   (B)	   and	   acetonaphtho[1,2-­‐
b]quinoxaline	  (C),	  which	  we	  coordinated	  to	   iridium.	  The	  
luminescence	   properties	   of	   the	   salt	   precursors,	   and	   the	  
study	  of	   the	  post-­‐modification	  of	   the	   electronic	   effect	   of	  
the	   NHC	   ligands	   by	   addition	   of	   π-­‐stacking	   additives	   is	  
also	  described.	  
	  
Chart	  1	  
	  
2.	  RESULTS	  AND	  DISCUSSION	  
The	   preparation	   of	   the	   azolium	   salts	   with	   the	   fused	  
phenanthro[4,5-­‐abc]phenazine	   (2)	   and	   acetonaphtho[1,2-­‐
b]quinoxaline	  (3),	  was	  performed	  by	  condensation	  of	   1,3-­‐
dibutyl-­‐5,6-­‐diaminobenzimidazolium	   iodide	   (1),	   in	   yields	  
ranging	   from	   70-­‐80%.	   The	   benzimidazolium	   salt	   1,	   was	  
prepared	   according	   to	   the	   previously	   described	  method-­‐
ology,12	   although	   we	   modified	   the	   final	   reduction	   step	  
from	   1,3-­‐dibutyl-­‐5,6-­‐dinitrobenzimidazolium	   iodide,	   for	  
which	  we	  found	  the	  use	  of	  hydrazine	  on	  Pd/C	  to	  be	  more	  
convenient.	   In	   order	   to	   circumvent	   any	   halide	   exchange	  
in	   the	   subsequent	   coordination	   of	   the	   carbene	   ligands,	  
iodide	  salts	  2-­‐H,	  2-­‐tBu	  and	  3	  were	  reacted	  with	  NH4PF6	  to	  
produce	   anion	   metathesis	   products	   2-­‐H-­‐PF6,	   2-­‐tBu-­‐PF6	  
and	   3-­‐PF6,	   respectively	   (see	   the	   Supplementary	   Infor-­‐
mation	  for	  further	  details).	  
 
Scheme	  1	  
The	   UV-­‐vis	   spectroscopic	   properties	   of	   the	   iodide	   az-­‐
olium	   salts	   were	   investigated	   and	   compared	   to	   those	   of	  
related	  previously	  reported	  salts	  (Table	  1).	  They	  all	  absorb	  
UV-­‐vis	  light	  at	  λ	  <	  400	  nm,	  and	  exhibit	  fluorescence	  emis-­‐
sion	  in	  the	  450-­‐650	  nm	  region	  in	  solution.	  Quantum	  effi-­‐
ciencies	  were	  determined	  relative	  to	  quinine	  sulfate	  in	  0.5	  
M	  H2SO4	  (Φf	  =	  0.546).	  For	  the	  azolium	  salts	  with	  the	  fused	  
phenanthro[4,5-­‐abc]phenazine	   (2),	   the	   introduction	   of	  
tBu	  groups	  at	  pyrene	  (2-­‐tBu)	  resulted	  in	  a	  λem	  at	  560	  nm,	  
which	  is	  bathochromically	  shifted	  by	  20	  nm	  relative	  to	  2-­‐
H.	  This	   shift	   is	   consistent	  with	   that	   observed	   for	   the	   in-­‐
troduction	  of	  the	  tBu	  at	  the	  4,9	  positions	  of	  pyrene,	  rela-­‐
tive	   to	   unsubstituted	   pyrene.13	   The	   addition	   of	   one	   aro-­‐
matic	   ring	   in	   the	   salt	   1,3-­‐
dibutyldibenzo[a,c]phenazino[11,12-­‐d]imidazolium	   tetra-­‐
fluoroborate	   to	   yield	   2-­‐H	   is	   accompanied	   by	   a	   hypso-­‐
chromic	  shift	  of	  up	  to	  13	  nm	  of	  the	  absorption	  maxima,	  as	  
a	   consequence	   of	   the	  more	   delocalized	   π-­‐system	   of	   2-­‐H	  
(compare	  entries	  1	  and	  4).	  Compound	  3	  exhibits	  negligible	  
fluorescence	   emission.	   The	   azolium	   salts	   2-­‐H	   and	   2-­‐tBu	  
provided	  quantum	  yields	  (Φf)	  of	  0.25	  and	  0.32,	  respective-­‐
ly.	  
The	  coordination	  of	  the	  polycyclic	  carbenes	  B	  and	  C	  to	  
iridium	  was	   performed	   by	   deprotonation	   of	   the	   azolium	  
salts	  2	  and	  3	  in	  THF	  at	  room	  temperature	  in	  the	  presence	  
of	   KOtBu,	   and	   subsequent	   addition	   of	   [IrCl(COD)]2.	   For	  
the	  cases	  in	  which	  the	  iodide	  salts	  2-­‐H,	  2-­‐tBu	  and	  3	  were	  
used,	   the	   reaction	   was	   performed	   in	   the	   presence	   of	   an	  
excess	  of	  NaI,	  in	  order	  to	  favor	  the	  formation	  of	  the	  iodide	  
metal	   complexes	   and	   to	  avoid	  mixtures	  of	  halides	   in	   the	  
final	  metal	  compounds.	  The	  final	  products	  were	  obtained	  
in	  yields	  ranging	  from	  50-­‐60	  %.	  
 
Table	  1.	  Photophysical	  properties	  of	  the	  synthesized	  salts	  
in	  solutiona	  
Entry	   Compound	   λabs	  (nm) 
λem	  
(nm)	   Φf
b	  
1	   2-­‐H	   243,	  283,	  345	   540	   0.25	  
2	   2-­‐tBu	   249,	  284,	  351	   560	   0.32	  
3c	   3	   237,	  324	   398	   -­‐	  
4d	  
	  
256,	  414	   496	   0.02	  
5f	  
	  
245,	  275	   370	   0.28	  
aMeasurements	   were	   performed	   in	   CH3CN	   under	   ambient	  
conditions.	   bEmission	   quantum	   yields	   were	   measured	   in	  
degassed	   CH3CN,	   with	   recrystallized	   quinine	   sulfate	   in	   de-­‐
gassed	  0.5	  M	  H2SO4	  as	  standard	  (Φf	  =	  0.546),	  exciting	  at	  350	  
nm.	   cThe	  emission	   intensity	  of	  3	  was	   found	  to	  be	  negligible.	  
dValues	  taken	  from	  reference	  12.	  fValues	  taken	  from	  reference	  
14.	  
 Scheme	  2	  
The	   iridium	   complexes	   were	   characterized	   by	   NMR	  
spectroscopy,	  mass	   spectrometry	   and	   elemental	   analysis.	  
The	   1H	   NMR	   spectra	   of	   4-­‐7	   displayed	   the	   characteristic	  
signals	  of	  the	  pyrene	  (4	  and	  5)	  and	  the	  acetonaphtene	  (6	  
and	  7)	  fragments.	  The	  13C	  NMR	  spectra	  showed	  the	  char-­‐
acteristic	   signals	   due	   to	   the	  metallated	   carbene	   carbons,	  
which	   for	   the	   iodide	   complexes	   appeared	   at	   202.7	   and	  
202.1	  ppm	  (for	  5-­‐H	  and	  5-­‐tBu,	  respectively),	  and	  200.5	  (for	  
7).	   In	   the	   case	   of	   the	   chloride	   complexes	   (4	   and	  6),	   the	  
resonances	   were	   quasi	   identical	   to	   those	   shown	   by	   the	  
related	  iodide	  related	  complexes.	  
The	  molecular	  structures	  of	  5-­‐H	  and	  7	  were	  unambigu-­‐
ously	   determined	   by	   means	   of	   X-­‐ray	   diffraction.	   The	  
structure	  of	  5-­‐H	  (Figure	   1),	   consists	  of	  a	  phenanthro[4,5-­‐
abc]phenazino[11,12-­‐d]imidazol-­‐2-­‐ylidene	  ligand	  bound	  to	  
an	   iridium(I)	   center,	   which	   completes	   its	   coordination	  
sphere	  with	  a	   iodide	  and	  a	  cyclooctadiene	   ligand	  (Figure	  
1).	  The	  crystal	  packing	  of	  the	  molecule	  shows	  that	  there	  is	  
a	  one-­‐dimensional	  π-­‐stacking	  interaction	  between	  pairs	  of	  
molecules,	   which	   are	   disposed	   in	   an	   antiparallel	   centro-­‐
symmetric	   fashion,	  at	  a	  distance	  of	  3.37	  Å.	  The	  NHC	   lig-­‐
and	   is	   quasi-­‐orthogonally	   oriented	   with	   respect	   to	   the	  
coordination	  plane	   of	   the	  molecule,	   as	   evidenced	  by	   the	  
average	   of	   the	   two	   torsion	   angles	   N(1)-­‐C(1)-­‐Ir(1)-­‐I(1)	   and	  
N(2)-­‐C(1)-­‐Ir(1)-­‐I(1),	   88.12°.	   The	   Ir-­‐C(carbene)	   bond	   dis-­‐
tance	  is	  2.007(4)	  Å.	  Interestingly,	  the	  plane	  of	  the	  imidaz-­‐
olylidene	  deviates	   from	  the	  plane	   formed	  by	   the	  hexacy-­‐
clic	  backbone	  by	  14.75°.	  
 
Figure	  1.	  Molecular	  structure	  of	  complex	  5-­‐H,	  showing	  the	  π-­‐
stacking	  between	  the	  hexacyclic	  backbone	  of	  two	  molecules.	  
Hydrogen	  atoms	  have	  been	  omitted	   for	  clarity.	  Ellipsoids	  at	  
50	  %	  probability.	  Selected	  bond	  distances	  (Å)	  and	  angles	  (°).	  
Ir(1)-­‐I(1)	   2.6721(4),	   Ir(1)-­‐C(1)	   2.007(4),	   Ir(1)-­‐C(32)	   2.113(5),	  
Ir(1)-­‐C(35)	   2.203(4),	   Ir(1)-­‐C(36)	   2.197(4),	   Ir(1)-­‐C(39)	   2.120(5),	  
C(1)-­‐Ir(1)-­‐I(1)	  88.35(13),	  N(1)-­‐C(1)-­‐N(2)	  106.1(4).	  
The	  molecular	   structure	   of	   complex	   7	   (Figure	   2),	   con-­‐
firms	   the	   coordination	   of	   the	   acetonaphtho[1,2-­‐
b]quinoxaline[11,12-­‐d]imidazol-­‐2-­‐ylidene	   ligand	   to	   the	  
iridium(I)	  fragment.	  A	  iodide	  and	  a	  COD	  ligand	  complete	  
the	   coordination	   sphere	   about	   the	   metal.	   The	   polyaro-­‐
matic	  ligand	  contains	  all	  six	  cycles	  in	  the	  same	  plane.	  The	  
Ir-­‐C(carbene)	   bond	   distance	   is	   2.016(4)	  Å.	   The	  NHC	   lig-­‐
and	   is	   quasi-­‐orthogonally	   oriented	   with	   respect	   to	   the	  
coordination	  plane	  of	  the	  metal,	  as	  indicated	  by	  the	  aver-­‐
age	  of	  the	  two	  torsion	  angles	  N(1)-­‐C(1)-­‐Ir(1)-­‐I(1)	  and	  N(2)-­‐
C(1)-­‐Ir(1)-­‐I(1),	  89.37°.	  As	   seen	   for	   the	  molecular	   structure	  
of	  5-­‐H,	  the	  crystal	  packing	  of	  7	  shows	  that	  there	  is	  a	  one-­‐
dimensional	  π-­‐stacking	  interaction	  between	  pairs	  of	  mol-­‐
ecules,	  which	  are	  disposed	  in	  an	  antiparallel	  fashion,	  at	  a	  
distance	  of	  3.47	  Å,	  which	  is	  slightly	  longer	  to	  that	  shown	  
by	  5-­‐H.	  
Figure	  2.	  Molecular	   structure	  of	   complex	  7,	   showing	   the	  π-­‐
stacking	  between	  the	  hexacyclic	  backbone	  of	  two	  molecules.	  
Hydrogen	  atoms	  and	  solvent	  (MeOH)	  have	  been	  omitted	  for	  
clarity.	  Ellipsoids	  at	  50	  %	  probability.	  Selected	  bond	  distanc-­‐
es	   (Å)	   and	   angles	   (°).	   Ir(1)-­‐I(1)	   2.6704(4),	   Ir(1)-­‐C(1)	   2.016(4),	  
Ir(1)-­‐C(32)	   2.216(4),	   Ir(1)-­‐C(35)	   2.107(4),	   Ir(1)-­‐C(28)	   2.134(4),	  
Ir(1)-­‐C(31)	   2.178(4),	   C(1)-­‐Ir(1)-­‐I(1)	   89.18(11),	   N(1)-­‐C(1)-­‐N(2)	  
106.2(3).	  
The	  reaction	  of	  4	  and	  6	  with	  carbon	  monoxide	  in	  meth-­‐
ylene	  chloride,	  afforded	  the	  related	  carbonyl	  complexes	  8	  
and	   9,	   respectively	   (Scheme	   2).	   The	   1H	   NMR	   spectra	   of	  
these	  complexes	  indicate	  the	  absence	  of	  the	  signals	  due	  to	  
the	  COD	  ligand,	  as	  a	  first	  indication	  that	  the	  substitution	  
has	  been	  produced.	  The	  presence	  of	  the	  carbonyl	  ligands	  
is	  confirmed	  by	  the	  representative	  signals	  in	  the	  13C	  NMR	  
spectra.	  The	  signals	  due	  to	  the	  metallated	  carbene	  carbon	  
are	   observed	   at	   191.7,	   181.2	   and	   189.7	   ppm,	   respectively.	  
The	  infrared	  spectra	  of	  8	  and	  9	  in	  CH2Cl2	  exhibit	  the	  C-­‐O	  
stretching	  bands	  at	  2071.2	  and	  1989.2	  cm-­‐1	   for	  8-­‐H,	  2072.1	  
and	  1989.2	  cm-­‐1	  for	  8-­‐tBu,	  and	  2071.2	  and	  1989.2	  cm-­‐1	  for	  9.	  
These	  frequencies	  allowed	  us	  to	  estimate	  the	  correspond-­‐
ing	   Tolman	   Electronic	   Parameters15	   (TEPs)	   as	   2055.6,	  
2056.0	  and	  2055.6	  cm-­‐1,	  for	  8-­‐H,	  8-­‐tBu	  and	  9,	  respectively,	  
by	  using	  the	  well-­‐known	  correlations.16	  
Once	   the	   new	   complexes	   were	   fully	   characterized,	   we	  
decided	  to	  approach	  a	  study	  aiming	  to	  determine	  whether	  
the	  addition	  of	  π-­‐stacking	  additives	  may	  have	  some	  influ-­‐
ence	   on	   the	   electron-­‐donating	   character	   of	   our	   polyaro-­‐
matic-­‐NHC-­‐based	   ligands.	   In	   a	   recent	   work,	   we	   demon-­‐
strated	   how	   the	   presence	   of	   π-­‐stacking	   additives	   influ-­‐
enced	  the	  catalytic	  activity	  of	  a	  palladium	  complex	  bear-­‐
ing	  an	  N-­‐heterocyclic	  carbene	  with	  a	  fused	  pyrene.6a	  Alt-­‐
hough	   we	   demonstrated	   that	   the	   additives	   effectively	  
formed	   π-­‐stacking	   adducts	   with	   the	   ligand,	   and	   proved	  
that	  this	  interaction	  yielded	  important	  implications	  in	  the	  
 electron-­‐donating	   character	   of	   the	   ligand,	   we	   did	   not	  
make	  a	  detailed	  study	  in	  order	  to	  quantify	  the	  magnitude	  
of	   this	  effect.	  With	  the	  preparation	  of	   the	  carbonyl	  com-­‐
plexes	   8	   and	   9,	   bearing	   extended	   polyaromatic	   ligands,	  
together	  with	  our	  previously	  described	  iridium-­‐dicarbonyl	  
NHC-­‐based	   complex	  with	   a	   pyrene-­‐fused	   fragment,6b	  we	  
thought	   that	  we	   have	   an	   excellent	   opportunity	   to	   assess	  
the	  modification	  of	  the	  electronic	  properties	  of	  the	  ligand	  
by	  studying	  the	  variation	  of	  the	  TEP	  values	  upon	  addition	  
of	  π-­‐stacking	   additives.	   In	   order	   to	   approach	   this	   study,	  
we	  first	  derived	  the	  TEP	  values	  of	  a	  model	  LNi(CO)3	  com-­‐
plex	   by	   DFT	   calculations,	   in	   which	   L	   is	   our	   previously	  
described	  pyrene-­‐based	  NHC	  ligand	  (Figure	  3).	  The	  rela-­‐
tive	   energies	   for	   the	   optimized	   structures	   with	   the	   π-­‐
stacking	   additives	   indicate	   that	   the	   energies	   of	   the	   π-­‐
stacking	   interaction	   are	   -­‐15.2	   and	   -­‐9.6	   kcal/mol,	   for	   the	  
adducts	  formed	  by	  addition	  of	  pyrene	  and	  hexafluoroben-­‐
zene,	   respectively.	   These	   energies	   may	   be	   attributed	   to	  
the	  π-­‐stacking	  energies	  in	  the	  gas	  phase.	  A	  more	  interest-­‐
ing	   information	  may	   be	   derived	   from	   the	   comparison	   of	  
the	  calculated	  TEP	  values.	  The	  TEP	  value	  for	  the	  pyrene-­‐
imidazolylidene	   ligand	   without	   any	   interaction	   with	   the	  
π-­‐stacking	  arenes,	   is	  2056.1	  cm-­‐1.	  The	   formation	  of	   the	  π-­‐
stacking	  complexes	  results	  in	  a	  significant	  variation	  of	  the	  
TEP	  value,	  by	  -­‐3.8	  or	  2.3	  cm-­‐1,	  depending	  on	  whether	  py-­‐
rene	   or	   hexafluorobenzene	   are	   added,	   respectively	   (the	  
TEP	  values	  for	  the	  system	  with	  added	  pyrene	  is	  2052.3	  cm-­‐
1;	   for	   the	   system	   with	   hexafluorobenzene	   2058.4	   cm-­‐1).	  
This	  actually	  implies	  that	  the	  electron-­‐donating	  character	  
of	   the	   ligand	  may	  be	   theoretically	  modified	  by	  a	   total	  of	  
6.1	  cm-­‐1,	  by	  simply	  choosing	  the	  right	  additive.	  
 
 
Figure	  3.	  Variation	  of	  the	  TEP	  values	  of	  a	  pyrene-­‐fused	  NHC	  
ligand	   upon	   addition	   of	   pyrene	   or	   hexafluorobenzene.	   The	  
energies	  correspond	  to	  the	  optimized	  structures	  with	  pyrene	  
or	   hexafluorobenzene	   forming	   the	  π-­‐stacking	   adducts,	   rela-­‐
tive	  to	  the	  situation	  in	  which	  these	  molecules	  do	  not	  interact	  
with	   the	   metal	   complex.	   Calculations	   were	   carried	   out	   in	  
Gaussian09	   (revision	   D.1)	   using	   the	   M06L	   functional,	   tight	  
optimizations,	   and	   the	   ultrafine	   integration	   grid	   (a	   pruned	  
(99,590)	  grid).	  
We	  wanted	  to	  know	  if	   this	  observation	  may	  be	  experi-­‐
mentally	   verified	   by	   studying	   the	   variation	   of	   the	   C-­‐O	  
stretching	   frequencies	  of	   the	  complexes	  bearing	  polyaro-­‐
matic	  ligands,	  upon	  the	  addition	  of	  pyrene	  or	  hexafluoro-­‐
benzene.	   For	   our	   study	   we	   decided	   to	   perform	   the	   IR	  
spectra	   of	   the	   [IrClL(CO)2]	   complexes	   shown	   in	  Table	   2,	  
where	   L	   is	   the	  NHC	   ligand	  with	   the	   fused	   polyaromatic	  
systems.	  For	  comparative	  purposes	  we	  also	  performed	  the	  
IR	  spectra	  under	  the	  same	  conditions,	  of	  complexes	  bear-­‐
ing	   the	   related	   imidazolylidene	  and	  benzimidazolylidene	  
ligands.	  As	  can	  be	  seen	  from	  the	  results	  shown	  in	  Table	  2,	  
the	  addition	  of	  pyrene	  or	  hexafluorobenzene	  has	  a	  signifi-­‐
cant	  effect	  on	  the	  variation	  of	  the	  CO	  stretching	  frequen-­‐
cies	  of	   the	  complexes	  under	   study.	  This	  variation	  can	  be	  
considered	  negligible,	  for	  the	  case	  of	  the	  imidazolylidene-­‐
based	  complex,	   for	  which	  a	  small	  variation	  of	   -­‐0.4	  or	  0.5	  
(for	  the	  addition	  of	  pyrene	  or	  hexafluorobenzene,	  respec-­‐
tively)	   is	   observed.	   This	   result	   is	   in	   agreement	   with	   the	  
lower	   π-­‐stacking	   ability	   of	   the	   NHC	   ligand	   of	   this	   com-­‐
plex,	   in	   which	   the	   polyaromatic	   system	   is	   not	   present.	  
The	   variation	   is	   slightly	   increased	   for	   the	   experiments	  
carried	   out	   with	   the	   benzimidazolylidene	   ligand,	   and	  
becomes	  more	  pronounced	  for	  the	  complexes	  bearing	  the	  
pyrene	  moieties.	  Although	  the	  variations	  may	  seem	  small	  
(maximum	  variations	   of	   1.5	   cm-­‐1	   are	   observed,	   compared	  
to	  the	  situation	  without	  additive),	   it	  has	  to	  be	  taken	  into	  
account	  that	  the	  results	  perfectly	  match	  with	  the	  predict-­‐
ed	  DFT	   calculated	   results,	   for	  which	   the	   addition	   of	   py-­‐
rene	  consistently	  produces	  a	  decrease	  of	   the	  CO	  stretch-­‐
ing	  frequencies,	  while	  the	  addition	  of	  hexafluorobenzene	  
has	   the	  opposite	  effect,	  by	   increasing	  the	   frequency.	   It	   is	  
also	   important	   to	   point	   out,	   that	   for	   the	   cases	   where	   a	  
pyrene	  fragment	  is	  present	  in	  the	  ligand,	  a	  maximum	  and	  
non-­‐negligible	   variation	   of	   the	   frequency	   of	   2.9	   cm-­‐1	   can	  
be	  detected,	   relative	   to	   the	   comparison	  of	   the	   situations	  
in	   which	   pyrene	   or	   hexafluorobenzene	   are	   added.	   This	  
variation	   is	   about	   six	   times	   the	   0.5	   cm-­‐1	   precision	   of	   the	  
routine	  IR	  experiment,	  which	  is	  limited	  by	  the	  bandwidth	  
of	   the	   respective	  absorptions	  and	   the	   spectrometer	   reso-­‐
lution.	  As	  a	  reference	  for	  comparing	  the	  magnitude	  of	  the	  
electronic	  modification	  of	  the	  ligand,	  it	  may	  be	  taken	  into	  
account	   that	   the	   electronic	   differences	   between	   N,N’-­‐
dimethyl-­‐imidazolylidene	   (IMe)	   and	   N,N’-­‐dimethyl-­‐
benzoimidazolylidene	  (two	  NHC	  ligands	  that	  are	  consid-­‐
ered	  significantly	  different	  from	  their	  electronic	  points	  of	  
view)	  are	  exactly	  of	  2.9	  cm-­‐1,	  according	  to	  the	  comparison	  
of	   their	   related	   calculated	   TEP	   values.17	   These	   results	  
suggest	   that	   the	   ligand	  post-­‐modifies	   its	   electronic	   char-­‐
acter	   in	   solution,	   by	   addition	   of	   the	   suitable	   aromatic	  
additive.	  
	  
Table	   2.	   IR	   C-­‐O	   stretching	   frequencies	   of	   [IrClL(CO)2]	  
complexes.	   Effects	   of	   the	   addition	   of	   pyrene	   and	   hex-­‐
afluorobenzenea	  
[IrClL(CO)2]	  
Addi-­‐
tive	   ν(CO)
b	  (cm-­‐1)	  
νav	  
(CO)	  
(cm-­‐1)	  
Δνav	  
(CO)	  
(cm-­‐1)	  
	  
-­‐	   2065.4,	  1981.5	   2023.4	   0	  
Pyr	   2064.4,	  1981.5	   2023.0	   -­‐0.4	  
C6F6	   2065.4,	  1982.5	   2023.9	   0.5	  
	  
-­‐	   2068.3,	  1985.4	   2026.8	   0	  
Pyr	   2068.3,	  1984.4	   2026.3	   -­‐0.5	  
 C6F6	   2069.3,	  1986.3	   2027.8	   1.0	  
	  
-­‐	   2067.3,	  1985.4	   2026.3	   0	  
Pyr	   2066.4,	  1983.4	   2024.9	   -­‐1.4	  
C6F6	   2069.3,	  1986.3	   2027.8	   1.5	  
8-­‐H	  
-­‐	   2071.2,	  1989.2	   2030.2	   0	  
Pyr	   2070.2,	  1987.3	   2028.8	   -­‐1.4	  
C6F6	   2073.1,	  1990.2	   2031.6	   1.4	  
8-­‐tBu	  
-­‐	   2072.1,	  1989.2	   2030.7	   0	  
Pyr	   2071.2,	  1987.3	   2029.2	   -­‐1.5	  
C6F6	   2073.1,	  1990.2	   2031.6	   0.9	  
9	  
-­‐	   2071.2,	  1989.2	   2030.2	   0	  
Pyr	   2070.2,	  1987.3	   2028.8	   -­‐1.4	  
C6F6	   2072.1,	  1989.2	   2030.7	   0.5	  
aIR	   data	   obtained	   in	   CH2Cl2	   solutions	   of	   the	   complex	   with	  
saturated	  solutions	  of	  the	  additive.	  bThe	  resolution	  of	  the	  IR	  
experiments	  is	  0.5	  cm-­‐1.	  
 
In	  order	  to	  shed	  some	  more	  light	  into	  the	  nature	  of	  the	  
binding	   between	   the	   polyaromatic-­‐functionalized	   NHC	  
complexes	  and	  pyrene	  (or	  hexafluorobenzene),	  we	  decid-­‐
ed	   to	   study	   their	   interaction	  by	  means	   of	   1H	  NMR	   spec-­‐
troscopy.	   The	   addition	   of	   increasing	   amounts	   of	   hex-­‐
afluorobenzene	  to	  a	  solution	  of	  8-­‐H,	  results	  in	  the	  shifting	  
of	   a	   signal	   due	   to	   two	   aromatic	   protons	   of	   the	   pyrene	  
core,	   which	  moves	   to	   lower	   frequencies,	   indicating	   that	  
the	  π-­‐π	   interaction	   between	  hexafluorobenzene	   and	  8-­‐H	  
is	   mainly	   produced	   through	   this	   part	   of	   the	   molecule.	  
When	  the	  same	  set	  of	  experiments	  is	  carried	  out	  by	  add-­‐
ing	  pyrene	  (instead	  of	  hexafluorobenzene),	  the	  signal	  due	  
to	   the	  protons	  of	   the	  phenyl	   ring	  of	   the	  phenanthro[4,5-­‐
abc]phenazino[11,12-­‐d]imidazol-­‐2-­‐ylidene	   ligand	   shifts,	  
although	   this	   time	   the	   movement	   is	   toward	   lower	   fre-­‐
quencies.	   This	   observation	   is	   in	   agreement	   with	   the	  
deshielding	  or	  shielding	  of	  the	  proton,	  depending	  on	  the	  
addition	   of	   hexafluorobenzene	   or	   pyrene,	   respectively.	  
The	  shift	  of	  one	  of	  the	  signals	  on	  the	  1H	  NMR	  is	  an	  indica-­‐
tion	   that	   the	   formation	   of	   the	  π-­‐stacking	   adducts	   is	   fast	  
on	   the	   NMR	   timescale,	   and	   therefore	   only	   a	   time	   aver-­‐
aged	   signal	   of	   the	   free	   and	   associated	   molecules	   is	   ob-­‐
served.	  This	   situation	   is	   identical	   to	   the	  one	   that	   can	  be	  
found	  in	  host-­‐guest	  chemistry,	  for	  which	  the	  stoichiome-­‐
try	  of	  the	  host-­‐guest	  complex	  can	  be	  determined	  by	  using	  
the	  method	  of	  continuous	  variations	   (MCV),	  also	  known	  
as	  the	  method	  of	  Job.18	  For	  the	  determination	  of	  the	  stoi-­‐
chiometry	  of	  the	  π-­‐stacking	  aggregates,	  we	  first	  prepared	  
a	  series	  of	  solutions	  of	  8-­‐H	  and	  pyrene	  (or	  C6F6)	  in	  varying	  
proportions,	  so	  that	  a	  complete	  range	  of	  mole	  ratios	  were	  
sampled,	  while	  maintaining	  the	  total	  concentration,	  [8-­‐H]	  
+	   [π-­‐stacking	   additive],	   constant	   for	   each	   solution	   (see	  
Supplementary	   Information	   for	   further	  details).18c,18d	  This	  
allowed	  us	  to	  determine	  that	  the	  maximum	  shift	  on	  δ	  was	  
achieved	  when	  the	  molar	  fraction	  is	  0.5,	  and	  therefore	  the	  
stoichiometry	  of	  the	  aggregates	  is	  1:1.	  Once	  the	  stoichiom-­‐
etry	   was	   determined,	   the	   associate	   constants	   were	   esti-­‐
mated	  by	  using	  the	  Benesi-­‐Hildebrand	  treatment,19	  which	  
when	   applied	   to	   NMR	   spectroscopy	   stablishes	   that	   the	  
shift	  of	  the	  NMR	  signal	  is	  related	  with	  the	  associate	  con-­‐
stant	  by	  virtue	  of	  the	  equation:	  
 
1/Δδ = 1/(KaΔδmax[H]) + 1/Δδmax   (1) 
 
where,	   in	   our	   case,	   [H]	   is	   the	   concentration	   of	   the	   π-­‐
stacking	   additive,	   pyrene	   or	   hexafluorobenzene.	   The	   re-­‐
sulting	  plots	  are	  shown	  in	  Figure	  4,	  where	   it	  can	  be	  esti-­‐
mated	  that	  the	  association	  constants	  for	  the	  formation	  of	  
the	   π-­‐stacking	   aggregates	   of	   8-­‐H	   with	   pyrene	   and	   hex-­‐
afluorobenzene,	   are	   2.21	   M-­‐1	   and	   0.13	   M-­‐1,	   respectively.	  
These	  values	  are	  in	  agreement	  with	  our	  theoretical	  calcu-­‐
lations,	   which	   established	   a	   higher	  π-­‐stacking	   affinity	   of	  
pyrene	   compared	   to	   the	   one	   shown	   by	   hexafluoroben-­‐
zene,	  with	  the	  Ni(CO)3	  complex	  bound	  to	  a	  pyrene-­‐fused	  
NHC	  (Figure	  3).	  
Figure	  4.	  Job	  plot	  for	  the	  determination	  of	  the	  stoichiometry	  
of	   the	  aggregates	  complex	  8-­‐H/pyrene	  (a)	  and	  C6F6	   (b).	  De-­‐
termination	  of	  the	  association	  constants	  of	  8-­‐H	  with	  pyrene	  
(c)	   and	   C6F6	   (d).	   c)	   Plot	   of	   1/Δδ	   vs	   1/[pyrene].	   The	   Benesi-­‐
Hildebrand	   treatment	   gives	  Δδmax	   =	   0.79	  ppm	  and	  Ka	   =	   2.21	  
M-­‐1.	  d)	  Plot	  of	  1/Δδ	  vs	  1/[C6F6].	  The	  Benesi-­‐Hildebrand	  treat-­‐
ment	  gives	  Δδmax	  =	  0.344	  ppm	  and	  Ka	  =	  0.13	  M
-­‐1.	  	  
Conclusions	  
In	  this	  work	  we	  have	  described	  the	  preparation	  of	  a	  se-­‐
ries	   of	   iridium	   complexes	   containing	   phenanthro[4,5-­‐
abc]phenazino[11,12-­‐d]imidazol-­‐2-­‐ylidene	   and	   acetonaph-­‐
tho[1,2-­‐b]quinoxaline[11,12-­‐d]imidazol-­‐2-­‐ylidene	   ligands.	  
The	   new	   complexes	   are	   decorated	   with	   highly	   extended	  
polyaromatic	   systems.	   We	   observed	   that	   the	   CO	   IR-­‐
stretching	  frequencies	  of	  the	  new	  complexes	  obtained,	  are	  
influenced	   by	   the	   nature	   of	   π-­‐stacking	   additives,	   and	  
therefore	   the	   electronic	   nature	   of	   the	   NHCs	   with	   the	  
polyaromatic	   backbones	   can	   be	   fine-­‐tuned	   by	   the	   addi-­‐
0
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 tion	  of	  the	  suitable	  additive.	  Addition	  of	  pyrene,	  results	  in	  
the	  slight	  decrease	  of	  the	  CO	  stretching	  frequency,	  while	  
the	   addition	   of	   hexafluorobenzene	   causes	   exactly	   the	  
opposite	  effect.	  This	  observation	  is	  in	  agreement	  with	  the	  
computational	   calculations	   on	   the	   formation	   of	   π-­‐
stacking	   aggregates	   between	   a	   complex	   formed	   by	  
Ni(CO)3	  bound	   to	   a	  N-­‐heterocyclic	   carbene	  with	   a	   fused	  
pyrene,	  for	  which	  the	  calculated	  TEP	  values	  are	  increased	  
upon	  addition	  of	  pyrene,	  and	  decreased	  upon	  addition	  of	  
hexafluorobenzene.	  
The	  π-­‐stacking	   affinities	   of	   one	  of	   the	  new	  complexes,	  
with	  pyrene	  and	  hexafluorobenzene	  were	  unambiguously	  
quantified	  by	  means	  of	   1H	  NMR	  spectroscopy.	  The	  deter-­‐
mination	  of	  the	  association	  constants	  by	  using	  the	  Benesi-­‐
Hildebrand	   data	   treatment,	   allowed	   us	   to	   establish	   that	  
pyrene	  forms	  more	  stable	  aggregates	  than	  hexafluoroben-­‐
zene,	  as	  seen	  by	  the	  higher	  Ka	  shown	  by	  the	  first	  one.	  
Our	   results	   indicate	   that	   the	   electronic	   properties	   of	  
certain	   type	   of	   ligands	   (those	   having	   extended-­‐
polyconjugated	   systems),	  may	   be	   tuned	   if	   the	   proper	   π-­‐
stacking	   additives	   are	   chosen.	  We	   already	   demonstrated	  
that	  this	  effect	  has	  important	  consequences	  in	  the	  modifi-­‐
cation	   of	   the	   catalytic	   activity	   of	   metal	   complexes	   con-­‐
taining	   NHC	   ligands	   fused	   to	   polyaromatic	   fragments.	  
With	  this	  work,	  we	  clarified	  and	  quantified	  the	  nature	  of	  
this	   type	   of	   effect,	   which	   be	   taken	   into	   account	   in	   the	  
design	  of	  future	  homogeneous	  catalysts.	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